Abstract. The gas-phase oxidation of doubly protonated peptides is demonstrated here using ion/ion reactions with a suite of reagents derived from persulfate. . This suite of reagents allows for the facile transformation of the multiply protonated peptides obtained via nESI into a variety of oxidized species capable of providing complementary information about the sequence and structure of the peptide.
Introduction
T andem mass spectrometry is a powerful approach for obtaining primary structural information about a bioanalyte of interest. The information obtained from a tandem mass spectrometry experiment is highly dependent on the nature of the gas-phase ions generated from the molecules of interest [1] . Different ion types (e.g., protonated molecule, deprotonated molecule, metallated molecule, radical cation, radical anion, etc.) undergo different fragmentation pathways upon activation, which can yield complementary information. It is, therefore, useful to be able to generate different types of ions and to manipulate ion-type within the mass spectrometer. The advent of electrospray ionization (ESI) has made the generation of multiply charged analytes straightforward [2, 3] . These ions are typically protonated in the positive polarity and deprotonated in the negative polarity. Gas-phase ion/ion reactions have been successful in transforming ESI-generated ions to an ion-type different from the type initially generated within a mass spectrometer [4] .
The reduction of charge via proton transfer [5, 6] , electron transfer both to and from multiply-charged analytes [7, 8] , and the addition or removal of metal ions [9] [10] [11] are examples of the manipulation of ion-type in the gas phase via ion/ion reactions. Site-selective covalent modification of peptides and proteins has also been demonstrated via ion/ion reactions. For example, Nhydroxysuccinimide (NHS) esters have been used to cross-link [12, 13] and covalently label [14] [15] [16] various nucleophiles in peptide ions, 4-formyl-1,3-benzenedisulfonic acid (FBDSA) has been used to tag peptide ions via Schiff base chemistry [17] [18] [19] , and N-cyclohexyl-N′-(2-morpholinoethyl)carbodiimide (CMC) has been used to selectively react with carboxylic acids [20] in various analytes. Ion/ion reactions occur on the typical reaction time-scale of~100 ms and can either proceed via the long-range transfer of small charged particles (e.g., protons or electrons), or through the formation of a long-lived complex [4] . This gasphase approach, particularly when implemented in a tandem mass spectrometer that enables the mass-selection of both the reagent and analyte ions, allows greater control of the extent of modification relative to solution-phase derivatization, which can complicate the mass spectrum.
Recently, the oxidation of peptides via ion/ion reactions has been described [21] . Peptides containing methionine and tryptophan are selectively oxidized to [M+ H + O] + cations upon ion/ion reactions with periodate anions. The oxidation of the methionine side chain to the sulfoxide derivative induces a signature loss of 64 Da corresponding to the ejection of methanesulfenic acid (CH 3 SOH) [22] [23] [24] [25] [26] [27] [28] [29] [30] . This signature loss can be used to determine the presence and location of a methionine residue. Additionally, strategies to oxidize protonated peptides to their radical analogs, viz., [M] +• , via ion/ion reactions have recently been described [31] . The gas-phase chemistry of radical peptide ions is an area of growing interest as these species undergo different fragmentation pathways than their protonated analogs upon activation [32, 33] . To this end, several strategies have been developed to generate radical cations in the gas phase to be analyzed via mass spectrometry [32, 33] . These strategies include collision-induced dissociation (CID) of nitrosopeptides [34, 35] , CID of ternary metalligand-peptide complexes [36] [37] [38] [39] [40] [41] [42] , photolysis of peptides with iodinated tyrosine residues [43] , or iodinated electrostatic complexes [44] , and free radical-initiated reactions [45, 46] .
Here, we describe ion/ion reactions between peptide cations and three reagent anions derived from persulfate to form three . The last reagent derived from persulfate is sulfate radical anion, produced via homolytic cleavage of the persulfate peroxy bond, which is observed upon negative nESI of an aqueous solution of sodium persulfate (Supplemental Figure S-1d) . Activation of the complex produced via ion/ion reactions with peptide dications and sulfate radical anions yields the molecular radical peptide cat-
. This suite of reagents derived from persulfate readily and efficiently converts protonated peptides into various oxidized forms that, upon activation, may yield additional information about peptide primary structure.
Experimental

Materials
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg, NJ, USA). Sodium persulfate, angiotensin III, and melittin were purchased from Sigma Aldrich (St. Louis, MO, USA). Substance P and bradykinin were synthesized by Bachem (King of Prussia, PA, USA). ARAA AKA and ARAMAKA were synthesized by NeoBioLab (Cambridge, MA, USA). KGAILAGAILR and GAIL AGAILR were synthesized by SynPep (Dublin, CA, USA) and GAGGMGAGGRL was synthesized by Pepnome Ltd. (Shenzhen, China). All peptide stock solutions for positive nanoelectrospray were prepared in a 49.5/49.5/1 (vol/vol/vol) solution of methanol/water/acetic acid at an initial concentration of~1 mg/mL and diluted 100-fold prior to use. The persulfate solution was prepared in 18 MΩ purified water using a Nanopure ultrapure water system from Barnstead/ Thermolyne Corp. (Dubuque, IA, USA) at a concentration of 1 mg/mL and diluted 10-fold prior to use.
Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear ion trap mass spectrometer (AB SCIEX, Concord, ON, Canada), previously modified for ion/ ion reactions [47] . Multiply protonated peptides were isolated in the Q1-mass filter and injected into the q2 reaction cell followed by singly charged reagent anions via alternately pulsed nano-electrospray (nESI) [48] . ) were present upon negative nESI of aqueous persulfate and were isolated in Q1 prior to injection into the q2 reaction cell. Peroxymonosulfate anion (HSO 5 -), however, is a fragment derived from intact persulfate and was obtained through beam-type CID into the instrument via energetic interface conditions prior to isolation and injection into q2. The peptide cations and reagent anions were allowed to react for a mutual storage reaction time of 20-1000 ms. The ion/ion reaction products were then transferred to Q3, where the complex was subjected to further characterization via MS n and mass analysis using mass-selective axial ejection (MSAE) [49] .
Calculations
Density function theory calculations have been carried out using the Gaussian 09 package [50] . Structural optimizations and energy calculations were performed with unrestricted B3LYP at the 6-31G(d) basis set for HSO 4 -, SO 4 -• , CH 3 COOH, and CH 3 COO
• . The bond dissociation energy (BDE) for H-SO 4 -was calculated by the isodesmic reaction method [51] using CH 3 COO-H as the reference molecule, the BDE of which was previously determined experimentally [52] . In detail, BDE(H-SO 4 -) was calculated using the following equation.
The value was then compared with amino acid BDEs reported by the Julian group calculated via the same method [53] .
Results and Discussion
Ion/Ion Reactions with the Suite of Reagents Derived from Persulfate
The nESI spectrum of an aqueous solution of sodium persulfate is shown in Supplemental Figure S-1d. The base peak is the sodiated persulfate anion, though protonated persulfate is also present in a high enough abundance for ion/ion reactions. While the sulfate radical anion is observed at the same mass-to-charge ratio as the persulfate dianion, the majority of this peak is the singly charged radical species based on the isotopic distribution and lack of anionic products observed during charge-inversion experiments (e.g., the reaction of singly protonated peptides with dianions resulting in final negative charge overall). The doubly charged species cannot be separated from the sulfate radical anion species of interest on the basis of mass-to-charge ratio alone. However, the only deleterious impact from the presence of a small persulfate dianion population in the sulfate radical anion population in reactions with doubly charged peptide cations is a slight decrease in overall peptide ion signal due to neutralization of the peptide by the dianion. While some peroxymonosulfate anion is present in the original nESI spectrum acquired using a nozzle-skimmer voltage difference of 25 V (Supplemental + species with the dashed arrow indicating a pathway that results in a structure different than that obtained via solid-arrow pathways, and the purple arrow indicates the generation of a species capable of proceeding via either the oxygen transfer or the hydrogen abstraction pathway peptide. While the selective oxidation of methionine and tryptophan side-chains via ion/ion reactions with periodate has recently been described [21] peroxymonosulfate appears to be a stronger oxidizing reagent as peptides both containing and lacking methionine and tryptophan residues are oxidized. This is demonstrated in Figure 2 with ARAAAKA, a peptide that does not contain methionine or tryptophan residues and, as such, is not susceptible to oxidation by periodate. The ion/ion reaction between doubly protonated ARAAAKA and peroxymonosulfate results in both proton transfer from the peptide to the anionic reagent resulting in the charge-reduced [ 2b). Note that the extent of oxidation in this case is much lower than for Substance P (Figure 1a ), which has a methionine residue at the C-terminus. A proposed mechanism for peroxymonosulfate oxidation is outlined in Scheme 2, which is analogous to the accepted mechanism for oxygen transfer from alkyl hydrogen peroxides [54] . The peroxymonosulfate anion first abstracts a proton from the peptide. One of the nitrogen atoms on the arginine side chain then initiates a nucleophilic attack on the distal peroxy oxygen atom. Rearrangement to lose neutral H 2 SO 4 occurs and yields a chargeseparated [M + H + O] + species. Further rearrangement to eject NH 2 OH (33 Da) can proceed via abstraction of a proton by the negatively charged oxygen atom to yield the final species shown in Scheme 2. While arginine was chosen to illustrate the proposed mechanism in Scheme 2, other sites on the peptide are capable of being oxidized via similar mechanisms as well (Supplemental Figure S-2) .
Activation of the oxidized species results in formation of an abundant b 6 + O ion (Figure 2c ), which is produced via cleavage C-terminal to the lysine residue. This spectrum is similar to CID of the unmodified peptide in which the b 6 ion is the dominant fragment observed (Supplemental Figure S-3) . Further activation of the b 6 + O ion was performed to gather more information about the site of oxidation, as shown in Figure 2d . There are 33 Da losses present throughout the product spectrum likely corresponding to losses of NH 2 OH from oxidized lysine or arginine side chains (Scheme 2). Additionally, while a series of oxidized b-ions are observed, the presence of both the oxidized and the non-oxidized b 2 -ion indicate the likelihood of multiple sites within the peptide being oxidized upon ion/ion reaction with peroxymonosulfate anions.
While activation of the ion/ion complex between doubly protonated ARAAAKA and peroxymonosulfate anion resulted in mainly proton transfer to produce the charge-reduced species with oxidation of the peptide observed as a minor pathway (Figure 2b) , activation of the analogous complex with ARAM AKA exclusively results in oxygen atom transfer (Figure 3a) . Additionally, activation of the oxidized ARAMAKA species, [M + H + O] + , yields dominant 64 Da losses corresponding to ejection of CH 3 SOH from the oxidized methionine side chain (Figure 3b) [22, 30] . While the presence of a methionine or tryptophan residue is not necessary for oxidation to occur, peptides containing these residues demonstrate increased complex formation and oxidation efficiencies and undergo Figure 4 with the peptide ARAMAKA. The ion/ion reaction between doubly protonated ARAMAKA and intact persulfate anions is shown in Figure 4a . Both proton transfer to form the chargereduced [M + H] + species and complex formation occur upon ion/ion reaction. Some fragmentation of the complexes due to energetic transfer conditions from the collision quadrupole to Q3 is also observed, as illustrated by the losses of SO 3 , H 2 SO 4 , and + species produced via activation of the ion/ion complex between doubly protonated ARAMAKA and peroxymonosulfate anions (see Figure 3b) . Scheme 3 depicts the proposed mechanisms for oxidation of methionine via ion/ion reactions with intact persulfate anions.
Scheme 3a illustrates oxidation of the sulfur atom whereas Scheme 3b depicts oxidation of the terminal carbon atom in the methionine side chain via initial H 2 SO 4 loss from an ion/ion complex with intact persulfate. Oxidation of the sulfur atom proceeds via initial proton transfer from the peptide to the reagent followed by nucleophilic attack by the sulfur atom on one of the oxygen atoms in the peroxy bond, resulting in loss of H 2 SO 4 . Further rearrangement occurs to eject neutral SO 3 and form a double bond between the sulfur and oxygen atoms (Scheme 3a). Oxidation of the terminal carbon atom also undergoes proton transfer from the peptide to the reagent, but is instead followed by abstraction of a hydrogen atom to cleave the peroxy bond, eject neutral H 2 SO 4 , and form a bond between the β-peroxy oxygen atom and the terminal carbon atom. The oxidizing oxygen then abstracts a proton, initiating SO 3 loss (Scheme 3b). This species can then lose CH 2 O via a mechanism proposed by Froelich and Reid to yield a homocysteine functionality [55] . Both mechanisms illustrated in Scheme 3a and b proceed via initial H 2 SO 4 loss (Pathway B). However, activation of a persulfate-containing ion/ion complex can also generate the [M + H + O] + species via initial SO 3 loss (Pathway A) as depicted in Scheme 3c. Initial Scheme 3. Mechanism of reaction for methionine residues and HS 2 O 8 -to yield oxidation of (a) the sulfur atom, and (b) the carbon atom, via initial H 2 SO 4 loss, and (c) oxidation of the sulfur atom via initial SO 3 loss SO 3 loss results in a species identical to the complex observed directly from ion/ion reactions between doubly protonated peptides and peroxymonosulfate anions. After SO 3 loss, proton transfer from the peptide to the reagent anion occurs. This is followed by attack by the sulfur atom on the distal oxygen atom with nucleophilic displacement of the peroxy oxygen and simultaneous hydrogen migration as described by Bach et al., for general reactions between nucleophiles and peroxides [54] . The specific reaction between HSO 5 -and thioesters has also been previously investigated [56] .
The [M -H] + species, which was observed to be generated as a major product only with the persulfate anion, can nominally correspond to the loss of two sulfuric acid moieties from the complex, viz., [ . To investigate which structure should be assigned to this unique species, the CID spectrum of the [M -H] + species generated directly from the complex was compared with that of the
+ species (Supplemental Figure S-7 ). The b 6 (-2) ion is the base peak in both spectra, similar to the spectrum corresponding to CID of the unmodified peptide in which the b 6 is the base peak (data not shown). Parentheses indicate that the mass of the reported ion is 2 Da less than expected for an unmodified peptide. The 2 Da mass difference can either come from loss of water from an oxygen transfer species or abstraction of two hydrogen atoms. (Figure S-8b) . Furthermore, triply protonated KGAI LAGAILR primarily leads to proton transfer and a minor loss of SO 3 upon activation of the ion/ion complex with persulfate anion (Figure S-8c) . We also note that species containing easily oxidized residues undergo oxygen transfer in the absence of an unprotonated basic residue to form the [M + H + O] + species, as illustrated with the doubly protonated peptide GAGGMGAGG RL in Supplemental Figure S- + species for each of the three unprotonated basic amino acids are proposed in Scheme 4. The peroxy bond in persulfate is labile (BDE reported to be 33.5 kcal/mol) [57] and is capable of homolytic cleavage to form two radical species. The proposed reaction proceeds via formation of a six-membered ring upon which radical rearrangement occurs to abstract two hydrogen atoms from adjacent atoms. Additionally, the anionic site on the reagent takes a proton from another basic site along the peptide. This results in ejection of two sulfuric acid moieties and the creation of a double bond between adjacent atoms in the unprotonated amino acid side chain or, in the case of histidine, between the α-and β-carbons. The hydrogen atoms abstracted in Scheme 4 were chosen because they had the lowest local bond dissociation energies, as reported by Benjamin and Julian [53] . While the mechanism proposed in Scheme 4 is one possibility for how the reaction between basic sites and intact persulfate proceeds, there are other possible mechanisms, one of which is presented in Supplemental Scheme S-1. The creation of gas-phase peptide radical cations is an area of growing interest as the activation of these radical species yields information complementary to that obtained via CID of the protonated species. Strategies to generate radical cations and examination of the fragmentation pathways they undergo have recently been reviewed [33, 58, 59] . Several strategies for the creation of radical cations via gas-phase ion/ion reactions have also recently been described [31] . Here, we demonstrate the generation of peptide radical cations in the gas phase via ion/ ion reactions with the sulfate radical anion. The reaction [60] . Activation of the protonated peptide is shown in Figure 5c for comparison and is dominated by water and ammonia losses, although a-, b-, and y-type ions are also observed.
Ion/Ion
Calculations were performed to determine the bond dissociation energy (BDE) of H-SO 4 -and compared with the values previously reported by the Julian group for abstraction of each of the hydrogen atoms on all of the amino acids [53] . The calculated BDE for H -SO 4 -is 454 kJ/mol with an expected error of~10 kJ/mol [53] . This value is higher than most of the values reported for abstracting H-atoms from amino acids with the exception of aromatic carbon radical centers which, in general, are the least stable radical centers. Notably, the H -SO 4 -BDE is higher than those reported for abstraction of hydrogen atoms attached to alpha-(325.5-372.3 kJ/mol) and beta-(348.2-428.5 kJ/mol) carbons, indicating that the sulfate radical anion can theoretically abstract a hydrogen atom from any peptide upon reaction [53] . Ion/ion reactions with sulfate radical anions are a robust and efficient method of generating peptide radical cations from their protonated dicationic counterparts in the gas phase.
Peptide cations with multiple radical sites can be generated via sequential ion/ion reactions between multiply protonated peptides and sulfate radical anions. Multiply protonated peptides of the form [M + nH] n+ can, in principle, undergo up to (n-1) additions of sulfate radical anion before neutralization. The [M + 5H] 5+ species of melittin, a large 26-residue peptide, was subjected to ion/ion reactions with sulfate radical anions. Addition of up to three sulfate radical anions was observed, as shown in Figure 6a . (Addition of a fourth sulfate radical anion is possible prior to neutralization but is not observed as it is (Figure 6b ). Further MS n on this peak is dominated by neutral losses with smaller peaks corresponding to both charge-directed (b-, y-type ions) and radical-directed (z-and c-type ions) backbone cleavages (Figure 6c ). This example also demonstrates the facile ability to generate radical cations from relatively large polypeptide systems via ion/ion reactions with the sulfate radical anion.
Conclusions
The , upon loss of one neutral sulfuric acid molecule. These three reagents are either observed directly upon negative nESI of an aqueous solution of persulfate under gentle interface conditions or produced via CID of the reagent under harsher interface conditions, thereby providing multiple reagent options within one sample. These results demonstrate that persulfate can provide a unique array of reagent anions for the transformation of multiply protonated peptide ions to other ion types.
